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The metrology of laser-induced damage usually ﬁnds a single transition from 0% to 100% damage
probability when progressively increasing the laser energy in experiments. We observe that picosecond
pulses at 2-µm wavelength focused inside silicon provide a response that strongly deviates from this.
Supported by nonlinear propagation simulations and energy ﬂow analyses, we reveal an increased light
delocalization for near critical power conditions. This leads to a nonmonotonic evolution of the peak
delivered ﬂuence as a function of the incoming pulse of the energy, a situation more complex than the
clamping of the intensity until now observed in ultrafast regimes. Compared to femtosecond lasers, our
measurements show that picosecond sources lead to reduced thresholds for three-dimensional (3D) writing
inside silicon that is highly desirable. However, strong interplays between nonlinear eﬀects persist and
should not be ignored for the performance of future technological developments. We illustrate this aspect
by carefully retrieving from the study the conditions for a demonstration of 3D data inscription inside a
silicon wafer.
DOI: 10.1103/PhysRevApplied.12.024009
I. INTRODUCTION
Diﬀerent emerging short-pulse ﬁber lasers emitting in
the short-wave infrared (SWIR) region of the spectrum
(1.1–2.5 µm) represent attractive tools to extend the three-
dimensional (3D) laser writing technologies developed
in transparent dielectrics [1] to narrow gap materials as
important as silicon (Si) [2–4]. Nevertheless, the ﬁrst fem-
tosecond laser experiments in this prospect reveal that
the intrinsic properties of narrow gap materials prevent
any permanent material change in the bulk [5,6] unless
nonconventional focusing conditions are used [7]. This
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is caused by a strong clamping of the intensity due to
nonlinear eﬀects developing in the prefocal region. These
contributing eﬀects include Kerr-induced phase distor-
tions, beam depletion by the highly eﬃcient multiphoton
absorption inherent to narrow gap materials, and increased
plasma eﬀects (screening and defocusing) due to the long
wavelengths that are inevitably used [8–10].
Capitalizing on the advent of erbium-doped laser
technologies, the investigations have concentrated on
telecommunication wavelengths (1.3 and 1.5 µm) so far. In
particular, we have recently investigated in-volume struc-
turing of Si using pulses at 1.55 µm with durations varying
from 0.8 to 10 ps. We found that permanent modiﬁcation
in the bulk was achievable, but multipulse processing with
our longest pulse duration of 10 ps was a requirement [11].
In a previous work, extreme focusing was identiﬁed as
a spatial optimization to reduce the peak power and pre-
focal nonlinear interactions for femtosecond pulses [7].
One conclusion with the study in the picosecond regime
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was that it leads to a similar optimization in the tem-
poral domain for bulk writing. However, it was hard to
ﬁnd conditions for 100% damage probability and repro-
ducible morphologies. This raises additional questions on
the speciﬁcity of the picosecond regime and its potential
applications.
In this paper, we concentrate on this aspect by applying
a standard methodology for laser-induced damage mea-
surements and comparisons with nonlinear propagation
simulations. While we still investigate the Si response, we
introduce a longer wavelength that hold promise to pro-
cess materials with even narrower band gaps. Surprisingly,
we ﬁnd a bulk damage probability, which does not mono-
tonically increase with the incoming pulse energy. This is
taken as clear evidence of the persistence of competing
nonlinear eﬀects aﬀecting the delivered laser energy den-
sity at the focus. It explains the diﬃculties in the previous
attempts that aimed at controlled internal laser structur-
ing of Si in the picosecond regime [11]. From this study,
we retrieve conditions for repeatable writing and the suc-
cessful inscription of data at separated surface and volume
planes of a Si wafer.
II. EXPERIMENTAL SETUP
In the experiments, we use a recently developed 5-µJ
ultrafast thulium-doped ﬁber laser operating at 1970 nm.
Compact monolithic all-ﬁber systems are usually lim-
ited to sub-µJ energy levels [12,13]. To circumvent this
limitation, we apply the chirped pulse ampliﬁcation tech-
nique to the seed pulses generated in a dissipative soliton
oscillator [14]. This allows all-ﬁber integration, high seed
average power, an adjustable spectrum to ﬁt a disper-
sive components transmission band, and a prestretched
pulse. The ampliﬁcation stage features 25-µm core diame-
ter active ﬁbers instead of rod-type photonic crystal ﬁbers.
In order to avoid nonlinear eﬀects in the ﬁber at the µJ
level, the seed pulse is stretched up to 400 ps by means of
a chirped ﬁber Bragg grating stretcher. The linear ampliﬁ-
cation regime is obtained up to an average output power
of 500 mW at the repetition rate of 100 kHz used in
these experiments. As shown in Fig. 1, the ampliﬁed
pulses are externally compressed using a chirped volume
Bragg grating (CVBG) down to 2 ps as measured by
autocorrelation.
For the damage tests, linearly polarized pulses are
tightly focused at diﬀerent depths in an intrinsic Si wafer
[(100)-oriented, double-side polished] using an aspher-
ical lens of numerical aperture NA= 0.85 (Thorlabs,
C037TME-D) mounted on a motorized stage (along the
optical z axis). Figure 1 also shows that x-y positioning
is performed by the motorized motion of the Si wafer. The
theoretical spot diameter is approximately equal to 1.5 µm
(FWHM) in air as calculated for a lens ﬁlling ratio of
0.65 [15]. The expected modiﬁcations are near or below
(In,Ga)As array
FIG. 1. Experimental arrangement for the damage tests with a
2-µm laser at diﬀerent pulse durations. DM is a dichroic mirror
rejecting the pump. FI is a Faraday isolator transmitting linearly
polarized pulses. QWP is a quarter-wave plate to create a nearly
linear polarization after exiting the ﬁber. HWP is a half-wave
plate on a motorized stage added to control the FI transmission
and the laser pulse energy used in the experiments. CVBG is
a chirped volume Bragg grating to compress the pulse down to
2 ps and can be bypassed with an inserting mirror (M). The resid-
ual divergence of the beam after L1 is exploited to collimate the
beam with L2 at the position where it reaches an appropriate
diameter to ﬁll AL, the aspheric focusing lens. Sh is a mechanical
shutter. For high-sensitivity modiﬁcation detection, an infrared
dark-ﬁeld microscope is implemented. OL,TL, and QTH are,
respectively, an objective, a tube lens, and a Quartz-Tungsten
Halogen lamp for imaging with an (In, Ga)As camera.
the resolution limit of any infrared imaging system. Thus,
we decide to employ dark-ﬁeld microscopy for scattering
detection of any produced damage in the bulk. In practice,
the samples are illuminated at a grazing angle with a white-
light lamp and an (In, Ga)As camera is installed for in situ
observation with 10× magniﬁcation (see Fig. 1).
III. RESULTS AND DISCUSSIONS
At ﬁrst, we test several NAs, exposure times, and depths
of focusing. For the measurements, we choose to apply S-
on-1 sequences of 104 pulses focused with NA= 0.85 at a
depth of 150 µm inside the Si wafer. Linear propagation
calculations end with strong spherical aberrations at this
depth. This leads to a ﬂuence reduction by more than 60%
in comparison to vacuum, where the ﬂuence would exceed
50 J cm−2 at our maximum laser energy [15]. However,
we observe that these conditions ensure conﬁned modiﬁ-
cation into the bulk over a signiﬁcant energy range. For
comparison, focusing at NA= 0.56 does not allow us to
achieve any bulk modiﬁcation with 2-ps pulses. While we
could have employed higher repetition rates, we choose to
perform the exposures at 100 kHz for safely avoiding any
thermal accumulation on a shot-to-shot basis [11,16].
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FIG. 2. Energy dependence of the damage probability with
2-ps pulses focused (NA= 0.85) at 150 µm below the surface
of silicon. The sample is irradiated with gradually increasing
energies on fresh sites separated by 50 µm. All measurements
result from statistics over 10 identical irradiations correspond-
ing to lines observed by dark-ﬁeld IR microscopy as shown
by the inserted images. The spatial scale applies to all inserted
images. Several transitions between 0 and 100% damage prob-
ability (color regions) evidence a nonmonotonic change of the
delivered ﬂuence due to the nonlinearities.
For statistical analyses, the irradiations are performed
by automated procedures systematically repeated 10 times
so that the processed region takes the form of 10 identical
lines of impacts separated by 50 µm. Figure 2 shows the
measured damage probability as a function of energy at
the shortest pulse duration of 2 ps. The inserted images
reveal sections of the 10 lines irradiated with increasing
laser energies (from left to right). We ﬁrst note a transi-
tion from 0 to 100% damage probability for a pulse energy
approximately equal to 250 nJ, thus deﬁning the damage
threshold. By looking at the top-left image, we observe
that for near-threshold conditions, modiﬁcations (when
occurring) stochastically take either the form of a highly
localized damage site or one that has grown and is scat-
tering light more eﬃciently. This stochastic behavior may
originate from (i) near-threshold energy instabilities as
well as (ii) a random distribution of precursor defects [17].
However, as soon as this transition region is exceeded, a
highly repeatable modiﬁcation is found, as is seen in the
left part of the bottom image (Fig. 2). The most striking
feature occurs at higher energy (around 450 nJ) where the
damage probability drops down to zero indicating a reduc-
tion of the delivered ﬂuence below the damage threshold.
It is also interesting to note that by increasing the energy,
it remains possible to overcome this reduction to recover
100% damage probability with apparently less localized
modiﬁcations as shown with the top-right image where
larger scatterers are observed.
We focus our attention on this very unusual nonmono-
tonic damage response by repeating the experiment in
several regions of the sample under various reconﬁgura-
tions. We also characterize the space-time characteristics
of the beam for all laser conditions. While the width of
the damage transitions could slightly change, the system-
atic observation of an absence of damage between 0.45 and
0.55 µJ conﬁrms that the observed feature is not related to
precursor defects in the sample or an uncontrolled change
of the beam characteristics during the experiments.
There are always limits to the energy density that can
be delivered in a material with intense laser pulses due
to intensity clamping. For surface experiments, it is the
development of screening eﬀects (e.g., plasma mirror),
which limits the energy deposition. For bulk experiments,
the limit is usually reached at reduced power because
the nonlinear interactions develop in the material in the
prefocal region [7,18]. However, since the observation
in Fig. 2 exceeds a saturation or a clamping eﬀect, it
can only be explained by a delocalization of the laser
energy under certain conditions. To examine this problem
theoretically, we apply our recently demonstrated trans-
formation optics approach for a simpliﬁed treatment of
highly nonparaxial nonlinear problems [10]. Our model
accounts for the same set of physical mechanisms as in
our previous work in the femtosecond regime, including
nonlinear Kerr refraction, nonlinear photoionization, and
the associated plasma eﬀects. The quantitative agreement
between the measured and calculated modiﬁcation thresh-
olds is not as good as for our previous experiments with
aberrationfree femtosecond pulses [7]. This is possibly
due to some aberrations because of the use of a focusing
lens far from its design wavelength. Nevertheless, in the
tested energy range (0.01–0.75 µJ corresponding to ratios
to the critical power P/Pc between about 0.2 and 15), we
systematically ﬁnd a minimum in the peak delivered ﬂu-
ence. This directly correlates with the damagefree window
observed in Fig. 2 for above threshold conditions. One way
to reveal the delocalization is to rely on an energy ﬂow
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FIG. 3. Energy ﬂow analysis by nonlinear propagation sim-
ulations of focused picosecond pulses. Nonlinear propagation
simulations for 2-ps pulse at 2-µm wavelength are performed to
map the energy ﬂow inside the material near the focal region
(NA) at a depth of 150 µm. The insets show the ﬂuence dis-
tribution and energy ﬂow lines obtained by retrieving the wave
vectors from the wavefront of the pulse at each propagation dis-
tance for incoming energies of 0.01, 0.1, and 0.5 µJ. The graph
gives the number of energy ﬂow lines reaching a zone of 1 µm at
the vicinity of the focus as a function of the input pulse energy.
A minimum corresponding to a lower angular component con-
tributing to the focus is found when varying the pulse energy.
The structured ﬂuence distribution originates from diﬀraction for
a beam overﬁlling the entrance pupil of the lens. The Supplemen-
tal Material [19] provides a more complete energy ﬂow analysis
under various assumptions on the spatial characteristics of the
beam.
analysis. Figure 3 shows the results for a beam overﬁll-
ing the entrance pupil of a 0.85 NA lens (diﬀracted). At
each propagation distance, we calculate the ﬂuence and
the phase of the picosecond laser pulse. By mapping in
space the wave vectors perpendicular to the wavefront, the
energy ﬂow can be displayed. While the complete analysis
is provided in the Supplementary Material [19], we illus-
trate the procedure with the images embedded in Fig. 3,
where the corresponding energy ﬂow lines are superim-
posed on the calculated ﬂuence distributions for incoming
pulse energies of 0.01, 0.1, and 0.5 µJ. Finally, to quantify
the delocalization of light as a function of energy, we cal-
culate how many energy ﬂow lines reach a zone of 1-µm
width around the focus. This leads to the graph of Fig. 3,
where one identiﬁes the range where the energy ﬂow into
the focal volume is minimal. We also notice with the sim-
ulations that relocalization of light preferentially occurs
in the secondary maxima of the diﬀracted beam (see, for
instance, Fig. 4(a) of Supplemental Material [19]). This
encourages us to look at the dependence of the beam proﬁle
as shown in the Supplemental Material [19]. Smooth Gaus-
sian focusing leads to a less pronounced eﬀect, conﬁrming
that hot spots in the prefocal beam structure likely help
(a)
(b)
FIG. 4. Inﬂuence of the pulse duration on the bulk damage
response with pulses focused (NA= 0.85) at 150 µm below the
surface of silicon. All measurements result from statistics over 10
identical irradiations to report the damage probability as a func-
tion of the incoming pulse energy (b). Only the shortest pulses
(2 ps) exhibit multiple transitions. For comparison, the damage
threshold as a function of the tested pulse durations is shown
(b). The vertical bars stand for the energy range between the
highest tested energy without any modiﬁcation and the lowest
energy exhibiting 100% modiﬁcation. The lowest threshold for
modiﬁcation is found for the intermediate pulse duration of 9 ps.
energy relocalization, but are not a prerequisite (see Sup-
plemental Material for the proﬁle-dependence study [19]).
The obtained similar eﬀect for a smooth Gaussian beam
can be taken as indirect evidence of the important role of
Kerr focusing as it is the only nonlinear eﬀect accounted
for in our model that can reconcentrate the energy ﬂux.
To conﬁrm that the energy delocalization and uncon-
ventional damage response is a speciﬁcity of the inter-
play between nonlinear eﬀects inside Si in the picosecond
regime, we complement the measurements by experiments
(i) with longer pulses to gradually reduce the peak power
in Si and (ii) at the surface to totally suppress the pre-
focal interaction (maximum intensity of approximately
109 Wcm−2, which is too low for interaction in air). Two
ways have been employed for changing the pulse duration.
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First, we add dispersion by electrically adjusting the tem-
perature gradients on the stretcher grating element so that
the pulse exiting the CVBG shown in Fig. 1 can exhibit
durations ranging from 2 to 10 ps. Second, to access much
longer pulses, we use uncompressed pulses of 400-ps dura-
tion by simply bypassing the CVBG as shown in Fig. 1.
The results of the damage measurements for three diﬀerent
pulse durations (2, 9, and 400 ps) are displayed in Fig. 4. A
ﬁrst observation is the classical monotonic behavior for the
damage probability with 9-ps and 400-ps pulses in the bulk
as well as on the entrance surface for all pulse durations.
This demonstrates that the laser energy delocalization and
relocalization originate from a nonlinear competition in the
bulk of Si, which is strong enough at a peak power level
only accessible with our shortest pulses in the tested energy
range. While we cannot deﬁnitively exclude a drop of the
damage probability (above threshold) for pulse energies
out of this range when pulses longer than 2 ps are stud-
ied, it is important to highlight that the ﬂuence drop found
in the simulations is relatively modest (6% for best cases
as shown in Fig. 5 of Supplemental Material [19]). A con-
sequence is that the drop can translate into a nonmonotonic
damage response only for pulses delivering saturated ﬂu-
ences, which are near-threshold conditions. As mentioned
above, 2 ps and 0.85 are the shortest pulse duration and
smallest NA for which bulk modiﬁcations are achievable
with our source, respectively. Accordingly, we assume it
is unlikely that conditions that signiﬁcantly deviate from
these near-threshold conditions will indirectly reveal any
delocalization and/or relocalization of the laser energy by
the material damage response (unless much stronger simi-
lar eﬀects are accessible at high energies). To conﬁrm this
vision, we have returned to the 1550-nm wavelength that
was leading to hardly controllable laser writing. While we
found a diﬀerent pulse-duration threshold for writing in
the conditions of our new experiments, we qualitatively
observe the same nonmonotonic damage response for near-
threshold conditions. This was likely causing the lack of
repeatability in our previous experiments in the picosecond
regime [11].
Figure 4 also shows a decrease of the damage thresh-
old value when the duration increases from 2 ps to 9 ps.
This conﬁrms our previous observations of increasing dif-
ﬁculties in achieving bulk modiﬁcations when decreasing
the pulse duration [11] with a material response that cul-
minates with the incapacity to exceed the modiﬁcation
threshold in the femtosecond laser experiments performed
at various wavelengths due to even more pronounced
nonlinear eﬀects aﬀecting the propagation [6,8,20].
This dependence on the pulse duration is opposite to the
one observed for surface damage measurements, as we ﬁnd
a monotonic increase of damage threshold with respect to
the pulse duration (from 1.6 J cm−2 at 2 ps and 1.9 J cm−2
at 9 ps to 4.6 J cm−2 at 400 ps) in such a damage test
conﬁguration where the nonlinear propagation aspects are
(a)
(b)
(c)
FIG. 5. Bulk-surface two-plane data inscription by laser
machining. The sample is observed by (a) SEM and (b) IR
dark ﬁeld microscopy (NA= 0.45) focused at the surface and
(c) at the bulk-written plane below the surface. The bulk text is
ﬁrst inscribed with consecutive irradiations of sites with tightly
focused pulses (2× 105 pulses at 100 kHz) at a ﬁxed pulse energy
above the bulk damage threshold (320 nJ). Machining of the sur-
face text is performed in a second step using the same procedure
with pulses at reduced energy (50 nJ). The two planes are clearly
distinguished with IR microscopy and there is nothing related to
the bulk inscription revealed by SEM imaging of the surface. The
same scale bar applies to all images.
completely suppressed. Interestingly, we note in Fig. 4(b)
that 400-ps pulses for which we can expect that the non-
linear propagation aspects vanish in the bulk due to the
low beam power (<<kW) also lead to an increased dam-
age threshold. In both experiments (surface and volume),
long pulses give nonlinear ionization only a seeding role
in the energy deposition process. When the pulse duration
largely exceeds the thermalization time (through electron-
phonon coupling) on the order of a picosecond [1], thermal
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runaway assists energy deposition by band-gap closure.
These interactions are usually governed by thermal diﬀu-
sion, implying that the measured thresholds scale as the
square root of the pulse duration [21]. On the side of mod-
eling, a consequence is the temperature dependence of
silicon nonlinearities that must be accounted for. This is
the reason the propagation simulations performed for the
shortest pulse duration of 2 ps are not repeated for longer
pulses.
Finally, in order to show the potential of 2-µm picosec-
ond sources for laser writing inside narrow gap materials,
we perform data inscription in two distinct planes. The
pulse energy is ﬁrst set at 320 nJ for reliable digital writ-
ing at a depth of 150 µm below the surface of a Si wafer.
To achieve well-localized modiﬁcations, we choose this
energy, which is above the ﬁrst damage threshold and
below the ﬁrst drop of the damage probability observed
with the 2-ps pulses (see Fig. 2). We apply sequences
on individual pixels separated by 20 µm to write one of
the aﬃliations of the authors of this paper. Data inscrip-
tion of a second aﬃliation is performed in a second step
using the same procedure at a reduced pulse energy (50 nJ)
to avoid overlap of the aﬀected zones due to the low
threshold for surface ablation. The observations of the pro-
cessed sample are shown in Fig. 5. The data in the two
planes are clearly distinguished with our microscopy sys-
tem [Figs. 5(b) and 5(c)], except that we have increased
the magniﬁcation to 20× for a reduced depth of ﬁeld.
When focusing the imaging system on one of the processed
planes, we can barely detect the information in the other
plane. A scanning electron microscopy image is shown in
Fig. 5(a). This shows that surface structuring is achieved
by laser ablation and there is absolutely nothing on the
surface that is related to the inscription in the bulk. In addi-
tion to the technological considerations, another interest
of this demonstration is that it unambiguously shows that
we did not create any confusion between bulk and surface
modiﬁcations in this report.
IV. CONCLUSION
In conclusion, intensity clamping is a well-studied phe-
nomenon inside wide band-gap systems, where monotonic
damage probability behavior is observed. The case of nar-
row band-gap material reveals an additional complexity in
the energy ﬂux. Our results show the existence of strongly
competing nonlinear eﬀects modulating the ﬂuence deliv-
ery in the picosecond regime. We reveal and quantify
this modulation by looking at the bulk-Si modiﬁcation
response with a 2-µm picosecond laser. However, we con-
clude that delocalization and relocalization of intense light
is a general feature that should not be ignored in hard-
to-3D machine materials because processing is inevitably
achieved in near-threshold conditions. With this knowl-
edge, we successfully identify a window for controllable
writing inside Si in the picosecond regime. Moreover, we
anticipate a direct beneﬁt of the thulium-doped ﬁber laser
technologies used in these experiments with the possibility
for bulk processing of even narrower band-gap materials
(e.g., germanium). This represents an additional challenge
in this rapidly growing ﬁeld of research after the recent
demonstrations of the ﬁrst in-chip functional microsystems
fabricated inside Si by laser writing [2–4,22].
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